Portable x-ray examinations often account for a large percentage of all radiographic examinations. Currently, portable examinations do not employ automatic exposure control (AEC). To aid in the design of a size-specific technique chart, acrylic slabs of various thicknesses are often used to estimate x-ray transmission for patients of various body thicknesses. This approach, while simple, does not account for patient anatomy, tissue heterogeneity, and the attenuation properties of the human body. To better account for these factors, in this work, we determined x-ray transmission factors using computational patient models that are anatomically realistic. A Monte Carlo program was developed to model a portable x-ray system. Detailed modeling was done of the xray spectrum, detector positioning, collimation, and source-to-detector distance. Simulations were performed using 18 computational patient models from the extended cardiac-torso (XCAT) family (9 males, 9 females; age range: 2-58 years; weight range: 12-117 kg). The ratio of air kerma at the detector with and without a patient model was calculated as the transmission factor. Our study showed that the transmission factor decreased exponentially with increasing patient thickness. For the range of patient thicknesses examined (12-28 cm), the transmission factor ranged from approximately 21% to 1.9% when the air kerma used in the calculation represented an average over the entire imaging field of view. The transmission factor ranged from approximately 21% to 3.6% when the air kerma used in the calculation represented the average signals from two discrete AEC cells behind the lung fields. These exponential relationships may be used to optimize imaging techniques for patients of various body thicknesses to aid in the design of clinical technique charts.
INTRODUCTION
Portable x-ray examinations are very useful for imaging patients who cannot walk or be transported otherwise. They often account for a large percentage of all radiographic examinations. For example, at the Cleveland Clinic, 65% of the chest x-ray examinations are portable examinations. However, portable x-ray examinations currently do not employ the use of automatic exposure control (AEC). AEC allows for termination of xray production automatically once the detector receives a predefined exposure value. It minimizes radiation exposure to the patient while maintaining a desired image quality. To achieve these effects in the absence of AEC, imaging techniques need to be optimized ahead of time for various patient thicknesses and tabulated in a technique chart for use by the x-ray technologist. Such an optimization procedure is often performed using acrylic plastic slabs. The number and the thickness of the slabs are varied to emulate different body thicknesses. In some cases, an air gap is included in between slabs to represent the low density lung fields. Transmission factors, often defined as the ratios of air kerma at the detector with and without the attenuating materials present, are then determined for representative body thicknesses. These are used to adjust the incident x-ray intensity so that the same transmitted intensity reaches the detector regardless of body thickness. This approach, while simple to perform, cannot adequately represent tissue heterogeneity and the attenuation differences between the human body and the plastic material. The goal of this study was to determine x-ray transmission using computational patient models that accurately account for patient anatomy, tissue heterogeneity, and the attenuation properties of the body region being exposed.
MATERIALS AND METHODS

Computational patient models
This preliminary study employed the use of eighteen computational patient models from the extended cardiac-torso (XCAT) family 1 . These included 11 pediatric and 7 adult models (9 males, 9 females; age range: 2-58 yrs; weight range: 12-117 kg). They were voxelized at isotropic resolutions of 3.45 mm and 1 mm for the adult and pediatric models, respectively. Each voxel was assigned an organ and material label to identify which organ it belonged to and the corresponding material composition.
Monte Carlo simulations of radiation transport
A Monte Carlo program was developed to simulate radiation transport during a portable chest x-ray examination. The program was based on the PENELOPE software package (version 2006, Universidad de Barcelona, Spain) for simulating the transport of photons, electrons, and positrons in matter. The main program PENMAIN.F was modified to enable the transport of radiation through a voxel geometry, allow collimation of the radiation source, and tally photon fluence track length in various objects or organs. Material data files were generated using the PENELOPE program MATERIAL.F. It contains a large database of predefined materials and also allows the user to define new materials based on atomic compositions.
X-ray system modeling
The x-ray spectrum used in the simulations was generated using the Spektr toolkit 2 . Spektr is based on the TASMIP 3 algorithm which interpolates experimentally measured data. The required inputs to the program include tube voltage, added filtration, and voltage ripple. The input parameters were chosen to generate a spectrum matching that of a clinical portable x-ray unit (AMX-4, GE Healthcare) operating at 80 kVp with a half-value layer (HVL) of 2.72 mm Al. When generating the spectrum, the added filtration was varied iteratively until the desired HVL was obtained. The voltage ripple was assumed to be zero.
In the simulations, the x-ray source, computational patient model, and detector were positioned to model an anteroposterior (AP) chest projection, the most frequently used projection/view in portable chest x-ray examinations. The focal spot was modeled as a point source and was placed at a distance of 100 cm from the detector, also typical of portable chest x-ray examinations. The detector was modeled as a sheet of carbon with a density of 1.7 g/cm 3 . It emulated the carbon fiber protective cover of a computed radiography (CR) cassette or the surface of a portable digital radiography detector. The detector model was a single voxel thick and had an area of either 43 cm × 43 cm or 35 cm × 35 cm depending on the size of the bounding box confining the patient model. The detector model was not intended to represent an actual detector; its purpose was only to allow the estimation of air kerma. The detector model was positioned immediately posterior to the patient model and centered relative to the chest. The x-ray beam was collimated on a patient to patient basis to emulate a clinical field-of-view (FOV) size. Specifically, the collimation included about an inch and a half of space above the shoulders and about an inch on either side of the patient model. This would correspond to the light field visible on the detector during the actual procedure. An upper limit to the FOV size was chosen to be 35 cm × 43 cm, since this corresponds to the largest available CR cassette (14 × 17 inches). Because of alignment difficulties, anti-scatter grids are not used in portable x-ray examinations except for excessively large patients. Therefore, grids were not modeled in this study. 
Determination of transmission factors
To determine the x-ray transmission factor for each patient model, air kerma at the location of the detector was estimated in the presence and absence of the patient model ( Figure 1 ). In the diagnostic x-ray energy range, air kerma is essentially equal to air dose ( ) 4 . Air dose was derived from the dose received by the carbon detector ( ) as
where ( ) is the Monte Carlo simulated photon energy fluence spectrum within the detector, and ( ) is the material-and energy-dependent mass energy absorption coefficient. ( ) was calculated from the fluence track lengths tallied by the detector, and ( ) was obtained from the NIST x-ray data tables. Transmission factor was then calculated as
where and denote the air kerma at the detector with and without the patient model, respectively. Transmission factors were defined using two different methods. In the first method, air kerma was calculated as the average over the entire imaging FOV (Figure 2a) . This emulates the situation where pixel values in the entire exposed area of the detector are used to determine when to terminate x-ray production. The transmission factor calculated using this first method was denoted as . In the second method, air kerma was calculated as the average over two regions of interest (ROIs) on the detector (Figure 2b ). These 9.0 cm × 5.5 cm ROIs in the lung fields were chosen to emulate the size and positioning of discrete AEC cells. This second method emulates the situation where the average signals from discrete AEC cells are used to determine when to terminate x-ray production. In this situation, the signals could originate from image pixel values or exposure values from ionization chambers. The transmission factor calculated using this second method was denoted as .
(1) 
Experimental validation
The accuracy of the simulated transmission factors was validated experimentally. In this preliminary study, the validation was performed using acrylic slabs of various thicknesses. The same portable x-ray unit mentioned above (AMX-4, GE Healthcare) (Figure 3a) was used for the experiment. The system was operated at 80 kVp with a HVL of 2.72 mm Al. To measure air kerma, a calibrated solid-state x-ray dosimeter (TNT 12000WD, Fluke biomedical) (Figure 3b ) was used. The dosimeter was placed on the surface of a CR plate and centered relative to the x-ray beam (Figure 3b ). The distance from the focal spot to the top surfaces of the dosimeter and the CR plate were 96 cm and 100 cm, respectively. The x-ray beam was collimated to an FOV size of 15 cm × 11 cm on the surface of the CR plate, just wide enough to illuminate the entire dosimeter. Air kerma was first measured without the acrylic in the beam. The measurement was then repeated for acrylic thicknesses of 2.5 cm to 15.2 cm, in 2.5 cm increments (Figure 3b ). The acrylic slabs were supported by foam blocks, which maintained a 3-cm air gap between the bottom of the acrylic stack and the top surface of the dosimeter. For each acrylic thickness, air kerma values with and without the acrylic were used to calculate transmission factor based on Eq. (2). To assess the impact of FOV size, for one acrylic thickness (10.2 cm), the transmission factor was determined for a larger FOV size of 23 cm × 22 cm as measured on the surface of the CR plate.
The experimental measurements described above were simulated using the same Monte Carlo program that was used for the computational patient models (Figure 3c ). The simulated x-ray energy spectrum described in Section 2.3 was used. Here the detector was also modeled as a carbon sheet. It had an area of 11 cm × 7 cm and was a single voxel thick. As before, the purpose of the detector model was only to allow the estimation of air kerma at the location of the dosimeter. Given the physical thickness of the dosimeter (4 cm), the distance between its active detection volume and the x-ray source was somewhere between 96 cm and 100 cm. Because the exact distance was unknown, in this preliminary validation, the detector model (carbon sheet) was assumed to be 100 cm away from the source. 
RESULTS
Experimental validation
As expected, transmission factors decreased with increasing acrylic thickness ( Figure 4) . Both experimental and simulated data showed a very good fit (R 2 = 0.99 and 1.00 respectively) to an exponential function. The simulated transmission factors agreed with experimental results to within 33%, with the greatest differences occurring for the thinnest (2.5 cm) and the thickest (15.2 cm) acrylic thicknesses. With the exception of these two cases, simulations agreed with measurements to within 14%. When the FOV size was increased to 23 cm × 22 cm for acrylic thickness of 10.2 cm, the agreement was 2.8%.
Anatomy-based transmission factors
For the computational patient models, the relationships showed decent to good fits (R 2 = 0.86 and 0.94) to an exponential function ( Figure 5 ). For the range of patient thicknesses examined (12-28 cm), transmission factors based on the entire imaging FOV ( ) ranged from approximately 21% to 1.9%, and the transmission factors based on the AEC cells ( ) ranged from approximately 21% to 3.6%. At larger patient thicknesses (> 20 cm), the values of were larger than those of . However, at smaller patient thicknesses, the two definitions of transmission factor had similar values. Transmission factors were denoted here as when calculated based on air kerma averaged over the entire imaging FOV and when calculated based on air kerma averaged over two ROIs, which emulated the size and positioning of discrete AEC cells behind the lung fields (see Figure 2 ).
DISCUSSIONS
The differences seen between the experimental and simulated transmission factors (Figure 4) could be due to a number of factors. In the modeling of the x-ray energy spectrum, voltage ripple was not accounted for. Consequently, the generated spectrum might not accurately reflect the actual beam quality. The exact dimensions and location of the active volume within the dosimeter were unknown. As a result, the size of the detector model as well as the source-to-detector distance could not be accurately determined. There could also be slight uncertainties in the FOV sizes measured experimentally. This could have caused the simulated FOV sizes to differ slightly from the actual sizes.
To the best of our knowledge, this study represents the first attempt to estimate xray transmission factors using computational patient models that are anatomically realistic. This approach better accounts for patient anatomy, tissue heterogeneity, and the attenuation properties of the human body than the conventional approach, which is based on the use of uniform acrylic slabs. Provided that the clinical x-ray beam has similar quality to the x-ray beam model used in this study, the exponential relationships between transmission factor and patient thickness may be applied to optimize imaging techniques for patients of various body thicknesses. If for example a technique of 1 mAs produced a diagnostic quality image for a patient with a chest thickness of 23 cm. Then for a patient with a chest thickness of 28 cm, a technique of 2.0 mAs or 1.6 mAs, depending on the definition transmission factor used, should produce a similar detector exposure.
Our study showed that at larger patient thicknesses (> 20 cm), the values of were larger than those of . However, at smaller patient thicknesses, the two definitions of transmission factor had similar values. This could be explained by the fact that for larger patients the ROIs corresponding to the AEC cells were positioned mostly within the low density lung fields. This however may not be the case for the small pediatric patients. To overcome this limitation in future studies, the size and positioning of these ROIs could be determined on a patient to patient basis to better fit within the lung fields of the patient models.
Future work could also be extended to cover a greater range of kVp values seen clinically. In this study, 80 kVp was chosen because it is a representative value used for the imaging of adult patients. However, for pediatric patients, tube voltage as low as 60 kVp may be used. It is also a common practice to use a higher kVp for excessively large patients. Even at the same kVp value, the transmission factors may differ depending on the HVL of the beam. Such dependence also needs to be characterized in a future study.
Additionally, the generated x-ray spectrum had a uniform distribution of photons, which did not account for the varying intensity caused by the heel effect. Where in clinical practice, the greater intensity portion of the beam (cathode side) will be positioned over thicker patient anatomy. Thus future work could be extended to investigate the impact of the heel effect on transmission factor.
Lastly, future work should investigate the effect of source-to-image distance (SID) on transmission factor. 100 cm and 180 cm are the two most commonly used SIDs for portable chest x-ray examinations, but other SIDs may be used if the size of the room does not permit the use of the two standard SID values.
